Abstract
multiple small-scale column tests was used to construct a model capable of describing and bed or increasing the adsorbent dose in a batch reactor. Therefore, despite the fact that low-47 cost adsorbents often display less favorable adsorption characteristics, their use is nonetheless 48 a highly attractive option because of their ability to ultimately achieve equal treatment 49 efficacy to established adsorbents, but at a greatly reduced cost.
50
The interaction between an adsorbent material and a dissolved contaminant is a highly 51 complex one, influenced by a multitude of factors such as the physicochemical properties of 52 the adsorbent and target adsorbate (Bockris et al., 1995) , the composition and pH of the 53 solution matrix (Faust and Aly, 1998) , and the contact mechanism (i.e. batch or through-54 flow) between adsorbent and adsorbate (Goel et al., 2005) . The complexity of these etc). Also, while it is easy to obtain different particle sizes of activated carbon (the material 96 for which the RSSCT methodology was originally proposed), it may not be possible to scale 97 down many low-cost media due to their physical characteristics.
98
Mathematical models provide a means by which to make theoretical predictions for any 99 fixed-bed system, and there are a great many mathematical models which have been 100 developed in an attempt to predict the breakthrough behavior of adsorptive media. Xu et al.
101
(2013) summarized some of the most widely used of these in a recent review, listing,
102
amongst others, the Thomas model (Thomas, 1944) , the Bohart-Adams (B-A) model (Bohart 103 and Adams, 1920), and the Bed Depth Service Time (BDST) model (Hutchins, 1973 obtained from these small-scale filters could be modeled, and extrapolations could be made to 171 predict the performance of large-scale filters using the same media.
172
While dispensing with the necessity for scaling equations made this method simpler than the
173
RSSCT approach, the advantages of RSSCTs were retained. So too was the disadvantage that 174 there needed to be exact similarity between the small-and large-scale tests. For this reason,
175
there is a necessity to develop this method further before it is capable of predicting the 176 performance of filters with any bed depth operated at any loading rate, and this need is 177 addressed by this study.
178

Theory
179
In through-flow adsorption systems, the mass of adsorbate retained by a filter medium is a between bed depth (and therefore EBCT) and service time -the filter operating time to some 187 defined breakthrough concentration -is a linear one (Hutchins, 1973 with which to determine this value:
223
Where a and a* are first order and diffusional kinetic rate parameters respectively. 
Where a** is a fitting parameter associated with second order kinetics; the full derivation of 
265
Mirroring Eqns. 6-8, the following expressions for q t are obtained:
Again, a, a*, and a** are model constants associated with first order, diffusional, and second 270 order kinetics respectively. Their value in the above equations will depend on whether service 271 time or EBCT is used in the place of t; EBCT will be used in this study.
272
The adsorbate solution's concentration will reduce as it travels through the filter bed and, if 273 the flow rate is constant, we can assume that at any depth within the filter, the pore 274 concentrations will depend on the contact time that has elapsed between the solution and the 275 filter medium, (as well as the duration for which the filter has been loaded). 
Materials and Methods
293
Preparation of filter columns
294
The low-cost adsorbents utilized in this study were aluminum water treatment residual (dried 295 at 105°C for 24 hr and ground to pass a 0.5 mm sieve) and two grades of crushed concrete
296
("fine", ground to pass 0.5 mm sieve, and "coarse", ground to pass a 1.18 mm sieve but 
Operation of filter units
312
A synthetic wastewater was produced by dissolving K 2 HPO 4 in tap water to obtain a PO 4 -P to achieve a variety of filter bed contact times. The small-bore filters were operated 318 intermittently, in 12 hour on/off cycles, and were fed from the bottom of the vertically 319 oriented filters to preclude any incidence of wastewater bypassing the filter media. The 320 effluent from the small-bore columns was collected in 2 hr aliquots using an auto-sampler.
321
The large-bore filter columns were manually loaded 2-3 days per week with 28 L of the same 322 synthetic wastewater as used in the small-bore filters. Where q e,calc is the model predicted equilibrium solid phase PO 4 -P concentration and q e,meas is 334 the measured equilibrium solid phase PO 4 -P concentration.
335
Predicting large-scale filter performance 336 With the coefficients A, B, and a** determined from the small-scale column tests, Eqn. 16 337 was used to predict effluent concentrations and pore water concentrations at multiple depths 338 within the large-scale filter columns. V x , the volume of the large-scale filter to a depth of 'x' Table 1 , which compares ERRSQ values obtained using each of these equations,
375
Eqn. 15 was found to be optimal for each of the media studied. As it provided the best fit to 376 these initial data (and because Ko et al. (2000 Ko et al. ( , 2002 have already explored the use of Eqns. taken from various depths within the large-scale filter columns. Figure 3(a) shows the fit of
386
Eqn. 16 to these experimental data, and the associated ERRSQ values are shown in Table 2 .
387
Average ERRSQ values of 0.026, 0.011, and 0.005 were obtained for large-scale filter curves. This is perhaps the most commonly observed BTC shape observed in fixed-bed 434 sorption studies (Gupta et al., 2000) , and so, an attempt was made to model curves of this
435
shape by modifying the B-A model (Eqn. 2) to obtain Eqn. 10, as described previously.
436
Using Eqn. 8 (letting t in Eqn. 8 be EBCT) to determine a value for N t , Eqn. 10 was fit to a given filter runtime. Making bed capacity dependent on empty bed contact time, i.e.
448
substituting q t for q e , proved to be very successful, and similar success was found modifying 
Conclusions
475
This study described a testing and modelling methodology which uses results from 476 short-term small-scale column tests to predict the long-term performance of large-477 scale fixed-bed filters.
478
• The proposed methodology was used to describe the adsorptive performance 479 of small-scale and large-scale filter columns, successfully modelling medium 480 saturation, as well as filter-pore and effluent concentration data.
481
• Predictions of large-scale filter performance based on small-scale filter 482 performance were highly accurate.
483
• Two three-parameter models were investigated, and these allowed for the 
487
• The proposed models also allow for the description of non-linear relationships 488 between filter-bed depth and service time, as is commonly observed in fixed-489 bed systems which take a long time to reach equilibrium.
490
• The proposed modelling approach was applied to multiple independent data Step-by-step schematic of the data collection and modelling procedure employed in this study. Tables   Table 1. ERRSQ values obtained using Equations 13, 14, and 15 to model phosphorus retained by filter media vs. filter loading for small-scale filter columns of various lengths. 
